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ABSTRACT
We present deep MUSE observations of five quasars within the first Gyr of the Universe (z & 6), four
of which display extended Lyα halos. After PSF-subtraction, we reveal halos surrounding two quasars
for the first time, as well as confirming the presence of two more halos for which tentative detections
exist in long-slit spectroscopic observations and narrow-band imaging. The four Lyα halos presented
here are diverse in morphology and size, they each display spatial asymmetry, and none are centred on
the position of the quasar. Spectra of the diffuse halos demonstrate that none are dramatically offset
in velocity from the systemic redshift of the quasars (∆ v < 200 kms−1), however each halo shows a
broad Lyα line, with a velocity width of order ∼ 1000 kms−1. Total Lyα luminosities range between
∼ 2× 1043 erg s−1 and ∼ 2× 1044 erg s−1, reaching maximum radial extents of 13− 30 pkpc from the
quasar positions. We find larger sizes and higher Lyα luminosities than previous literature results at
this redshift, but find no correlation between the quasar properties and the Lyα halo, suggesting that
the detected emission is most closely related to the physical properties of the circum-galactic medium.
Keywords: Galaxies, Cosmology, Quasars: emission lines, Quasars: individual
1. INTRODUCTION
The importance of studying the gas immediately sur-
rounding galaxies has long been understood. In partic-
ular, as the circum-galactic medium (CGM) lies at the
interface between galaxies themselves, and the diffuse
hydrogen in the intergalactic medium (IGM) it holds
the key to understanding some of the most fundamental
concepts of galaxy formation and evolution (e.g. Tum-
linson et al. 2017). Until recently, the most prudent
method of studying this diffuse medium relied on ab-
sorption features imprinted on the spectra of distant
quasars by intervening gas e.g. Hennawi et al. 2006,
Hennawi & Prochaska 2007, Farina et al. 2013 and Fa-
rina et al. 2014 who each used this technique to study
the CGM around other quasars along the line of sight.
Corresponding author: Alyssa Drake
drake@mpia.de
Studying the CGM in emission however is a greater
challenge. Nonetheless, in recent years the detection of
Lyα halos around quasars at lower redshift (e.g. 3 ≤ z ≤
4) has become almost routine, in large part thanks to
advances in instrumentation such as ESO’s Multi-Unit
Spectroscopic Explorer (MUSE; Bacon et al. 2010) on
the Very Large Telescope (VLT). MUSE has allowed us
to enter the paradigm whereby extended Lyα emission is
ubiquitous not only around active galaxies (Cantalupo
et al. 2014, Borisova et al. 2016, Arrigoni Battaia et al.
2019) but also normal star-forming galaxies out to z ∼ 6
(Wisotzki et al. 2015, Leclercq et al. 2017, Drake et al.
2017a,b).
The study of quasars in the first Gyr of the Universe
(z & 6), is a probe through which we can directly ob-
serve young galaxies and their black holes during a rapid
growth period. In addition, ionising radiation from the
active galactic nucleus (AGN) can actually aid in the de-
tection of CGM gas by causing it to shine more brightly
in Lyα. Furthermore, as large amounts of gas are di-
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rectly funnelled onto the quasars’ black holes, the accre-
tion disks are luminous enough to allow their detection
out to at least z = 7.5 (Ban˜ados et al. 2018) with the
current facilities, allowing us to probe sources of ionising
photons, and the gas fuelling their growth, well into the
epoch of reionisation.
To date, a handful of detections of extended Lyα emis-
sion around very high redshift quasars (z ∼ 6) have
been reported. Roche et al. (2014) presented long-slit
spectroscopy of the radio-loud quasar J2228+0110 at a
redshift of z = 5.903 (see also Zeimann et al. 2011).
At present, this remains the highest-redshift radio-loud
quasar to show signs of extended Lyα emission. The
z = 6.43 quasar J2329−0301 (Goto et al. 2009) is an-
other example for which multiple measurements of a
Lyα halo have been reported in the literature. Fol-
lowing its detection in narrow-band imaging, the halo
was spectroscopically confirmed in Willott et al. (2011)
and Goto et al. (2012) and in these long-slit studies,
the halo around J2329−0301 appeared very similar to
J2228+0110 in terms of size and luminosity. Finally, Fa-
rina et al. (2017) targeted the z = 6.61 QSO J0305−3150
with MUSE. With one of the highest SFRs and Edding-
ton ratios above z ∼ 6, this quasar provides an ideal
source to target a large gas reservoir surrounding one of
the first QSOs. Farina et al. (2017) detected a faint Lyα
halo around J0305− 3150 extending ∼ 9 pkpc, offset in
velocity by 155 km s−1, and with a total luminosity of
(3.0± 0.4)× 1042 erg s−1.
Motivated by these studies, we search for Lyα halos in
the deepest available MUSE observations of the highest
redshift quasars (z ∼ 6). To reach approximately the
surface brightness (SB) level achieved in Farina et al.
(2017), we queried the ESO archive for observations of
exposure time ∼ 2 hours or greater, resulting in a to-
tal sample of five objects listed in Table 1. SB lev-
els in the wavelength layer where Lyα emission peaks
range between 4.71× 10−19 erg s−1 cm−2 arcsec−1 and
8.81× 10−19 erg s−1 cm−2 arcsec−1(see Table 2 for de-
tails). The observations include two objects with evi-
dence for extended Lyα emission from long-slit spectra
(Willott et al. 2011, Goto et al. 2012, Roche et al. 2014)
or narrow-band imaging (Momose et al. 2018).
Our analysis proceeds as follows; in Section 2 we
provide context and notes on previous observations of
quasars in our study, and in Section 3 we describe our
data reduction procedure and PSF-subtraction tech-
nique. We present our results in Section 4, beginning
with MUSE images and spectra of each QSO. We then
show our PSF-subtracted data and estimate total fluxes
of Lyα halos where present, and maximum extents.
We next analyse the datacubes to a uniform surface
brightness limit, and assess the morphology, spatial off-
sets, velocity offsets and integrated line profiles. Finally
we include spatially resolved analyses of the kinematic
structure of each halo. In Section 5 we discuss our
measurements within the context of the literature, and
speculate on the presence of evolution in the CGM, and
the mechanisms powering the Lyα emission.
Throughout this paper we use the terms ‘quasar’ and
‘QSO’ interchangeably, and assume a ΛCDM cosmology
with Ωm = 0.3, ΩΛ = 0.7 and h = 70 kms
−1.
2. PREVIOUS OBSERVATIONS
In Table 1 we summarise from the literature some ba-
sic properties of the QSOs analysed here.
2.1. J2228+0110
J2228+0110, at z = 5.903, was discovered via its radio
emission as part of the Stripe82 VLA survey (peak flux
density 0.31 mJy; Zeimann et al. 2011). J2228+0110 is
optically faint however, with M1450 = −24.53, and con-
sequently its radio loudness parameter is high, R∼ 1100.
With an LRIS spectrum, Zeimann et al. (2011) mea-
sured the velocity width of the Lyα line in the QSO
spectrum to be 1890 km s−1. Roche et al. (2014) re-
turned to J2228+0110 with GTC-OSIRIS, and were the
first to detect signs of an extended Lyα halo around the
quasar. They measured a velocity width of the Lyα line
(including QSO) of 1189± 24 km s−1. In addition they
extracted an offset spectrum towards the South-East of
the quasar, and measured a flux of 2.02 ± 0.46 × 10−17
erg s−1 cm−2, with a peak of emission at 8386.26± 2.41
A˚. The Lyα luminosity of the halo was constrained to be
L(Lyα) ≤ 7.8× 1042 erg s−1 extended for “at least” 9
pkpc. J2228+0110 is the only known radio-loud object
in this sample. MUSE data for this object total 11.30 h
(PI: Roche).
2.2. J2100−1715
J2100−1715 was uncovered as part of the Canada-
France-High-z-Survey and reported in Willott et al.
(2010b), it has an M1450 = −25.55 (Ban˜ados et al.
2016). It was also targeted as one of 27 z ∼ 6 quasars in
the [CII] survey of Decarli et al. (2017), allowing for an
accurate determination of the systemic redshift. MUSE
data were taken for this object (PI: Decarli), amounting
to 3.70 h in total.
2.3. J1030+0524
J1030+0524 at z = 6.304 (Fan et al. 2001b) was
one of the earliest quasars to be discovered at z ∼ 6
in the Sloan Digital Sky Survey (SDSS), and has an
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Table 1. QSOs for which archival MUSE data are presented in this paper. In the first four columns we list the object name,
coordinates, and the reference for the discovery spectrum of each object. In the fifth column we list the current best estimate
of each quasar’s systemic redshift, in column 6 we give the method via which the systemic redshift was measured, and finally in
column 7 we give the appropriate literature reference for the redshift measurement.
QSO RA DEC Discovery z z method z reference
J2228+0110 22:28:43.535 +01:10:32.2 Zeimann et al. (2011) 5.903 Lyα Roche et al. (2014)
J2100−1715 21:00:54.616 -17:15:22.50 Willott et al. (2010a) 6.081 [CII] Decarli et al. (2017)
J1030+0524 10:30:27.098 +05:24:55.00 Fan et al. (2001a) 6.308 Mg II Kurk et al. (2007)
J2329−0301 23:29:08.275 -03:01:58.80 Willott et al. (2007) 6.417 Mg II Willott et al. (2011)
P231−20 15:26:37.841 -20:50:00.66 Mazzucchelli et al. (2017b) 6.587 [CII] Decarli et al. (2017)
M1450 = −26.99 (Ban˜ados et al. 2016). Momose et al.
(2018) found no halo for this quasar in their Subaru
narrow-band imaging. MUSE data are of integration
time 6.43 h (PI: Karman).
2.4. J2329−0301
J2329−0301 (z = 6.417) was discovered as part of the
Canada-France High-z Quasar Survey (CFHQS; Willott
et al. 2007), and has M1450 = −25.25 (Ban˜ados et al.
2016). Goto et al. (2009) were first to find evidence of
an extension to the Lyα emission, tentatively seen in
Subaru/Suprime-Cam narrow-band imaging - they es-
timated an extent of 4 arcsec on the sky. Presence of
the halo was confirmed in the long-slit spectroscopy of
Willott et al. 2011 (measuring 8 × 1043 erg s−1 over
15 pkpc or 2.7 arcsec) and Goto et al. 2012 (1.7 × 1043
erg s−1 over 4 arcsec), and subsequently further narrow-
band imaging in Momose et al. 2018 (1.5× 1044 erg s−1
over 6.9 arcsec in diameter). This quasar was observed
as part of MUSE Science Verification, with an integra-
tion time of 2 h.
2.5. P231−20
P231−20 is the highest redshift object in our study,
at z = 6.586, discovered in Mazzucchelli et al. (2017b).
This quasar is one of the brightest known at z > 6.5;
M1450 = −27.20 (Ban˜ados et al. 2016); and is known to
have a very close companion galaxy detected in [CII],
and reported in Decarli et al. (2017). MUSE data were
taken as part of a programme (PI: Farina), with a total
integration time of 3.20 h.
3. MUSE OBSERVATIONS AND ANALYSIS
We analysed the deepest available MUSE data for
quasars at z ∼ 6. A summary of the sample is given
in Table 1.
3.1. Data Reduction
MUSE data and raw calibrations were downloaded
from the ESO archive for each of the quasars listed
in Table 1. We used the MUSE Data Reduction Soft-
ware (version 2.4.1) to reduce each individual exposure,
combining them into deep datacubes for each object.
Once the data were fully reduced we ran the Zurich
Atmospheric Purge software (ZAP; Soto et al. 2016)
to perform additional sky subtraction. On these final
‘ZAPped’ datacubes we perform the remainder of our
analysis1.
3.2. PSF Subtraction
The detection of low-surface brightness emission
around a bright point source requires removing the
contribution of light from the unresolved object. This
is achieved by characterising the point-spread function
(PSF) in the data, typically using a bright star in the
field, or in the case of a quasar, using the spectral con-
tinuum from the quasar itself. The quasar continuum is
dominated by light from the accretion disk of the AGN,
which is an unresolved source at the resolution of MUSE.
For each QSO in this work we construct our model of
the PSF following the steps outlined below. We utilise
the simultaneous spatial and spectral information in the
MUSE datacube to collapse several spectral layers of
the quasar continuum, creating a “PSF image”. Using
the quasar itself allows us to avoid issues related to PSF
variations across the field, and spatial interpolation. In-
deed, in the analysis of the z ∼ 6 quasar presented in
Farina et al. (2017), these two commonly-applied PSF
subtraction techniques were tested, and found to be
equally reliable.
In constructing our PSF-image, there are two consid-
erations in producing the most reliable result. Firstly,
the need for signal to noise (S/N) in the PSF image
means including as wide a spectral range as possible,
however at these wavelengths (particularly > 7000 A˚)
emission from the night sky varies rapidly as a function
of wavelength, resulting in differences in the noise prop-
erties of adjacent wavelength layers even after careful
sky-subtraction. This means that the S/N in the PSF
1 (We note that in parallel to this analysis we assessed the “un-
ZAPped” data cubes, finding consistent results.)
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Figure 1. MUSE images and spectra of the five z ∼ 6 QSOs analysed here. The left-hand panels show fixed-width narrow-band
images of ∆λ = 120 A˚ centred on the predicted wavelength of Lyα from our best-estimate of the systemic redshift (see Table
1). The wavelength range of each narrow-band image is highlighted by the orange region on the spectrum. In the central panels
we show the ‘clean’ continuum images, i.e. collapses of the QSO continuum emission, constructed using wavelength layers of
the cube where night sky emission is low (see Section 3.2 for details). The layers combined to make the image are highlighted
in pink on the spectrum. In the final column, we show the QSO spectrum extracted in an aperture of 2 arcseconds in diameter,
the extraction region is given by the black circle on the narrow-band and continuum-collapse images. Dashed red lines on the
spectrum give the predicted peak wavelength of the Lyα emission according to the systemic redshift.
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image is actually improved by excluding wavelength lay-
ers of the cube which are most affected by sky lines.
The wavelength layers chosen to construct the PSF
image for each quasar are highlighted in pink on the
spectrum shown in Figure 12. We then work systemat-
ically through each wavelength layer of the cube, scal-
ing the flux in the peak pixel of the PSF image to the
flux of the QSO in the same spatial pixel, and subtract-
ing the scaled-PSF-image from the datacube wavelength
layer. This way we produce an entire PSF-subtracted
datacube3.
Once the PSF-subtracted datacube has been created,
we mask an ellipse of dimensions equal to the Gaussian-
equivalent PSF (the FWHM of a 2-dimensional Gaus-
sian fit to the PSF image) in each wavelength layer, and
exclude this central region from further analysis since it
is likely to contain complex residuals.
4. RESULTS
We present the MUSE data for each QSO, together
with the analysis of the PSF-subtracted datacubes in
the subsections below.
4.1. Images and Spectra
In Figure 1 we show MUSE images and spectra for
each QSO. The first panel shows a narrow-band image
(∆λ = 120A˚) centred on the predicted position of the
Lyα line from our best estimate of the quasar systemic
redshift. In the second panel we show the ‘PSF image’
constructed as described in Section 3.2 for the QSO
continuum, and in the third panel we show the quasar
spectrum extracted in an aperture of 2 arcseconds in
diameter. The wavelength range of each image is high-
lighted on the spectrum, and likewise the extraction
aperture of the spectrum is shown on each image.
4.2. Lyα halos at z ∼ 6
We detect extended Lyα emission around four out of
five quasars in the PSF-subtracted datacubes. We pro-
ceed now by estimating the total fluxes of the halos, and
maximum extents that the diffuse emission reaches from
the positions of the quasars. In order to correctly mea-
sure the extent and luminosity of the Lyα halos, we need
2 We note that in the case of P231−20, the PSF image was by
necessity constructed using wavelength layers of the cube which
could contain the high-velocity tails of Lyα emission. This might
lead to a slight over-subtraction of the halo and therefore our flux
estimate is a conservative one.
3 To test the reliability of the PSF-image scaling we also con-
ducted a test using the average value of 5 pixels in the centre of
the PSF image scaled to that of 5 pixels at the centre of the QSO,
and verified that our results did not change.
to cover the full spectral width of the Lyα line. As a
result, for each quasar our pseudo narrow-band is com-
prised of a different spectral range, and hence reaches
a different surface brightness limit. Wavelength layers
which comprise each of these narrow bands are shown in
Appendix A, and their corresponding 1σ surface bright-
ness limits are listed in Table 2. In order to facilitate
comparison between the halos we will also analyse the
data to a uniform surface brightness limit in Section 4.3
to assess the morphology, spatial offset of the emission
peak from the quasar and the integrated velocity offset
and velocity widths of the halos. Finally, in Section 4.3.3
we employ a S/N cut per voxel in order to produce the
most sensitive maps of the kinematic structure of each
halo, details follow in Section 4.3.3.
4.2.1. Total Lyα fluxes and maximum extents
We begin by visually inspecting the PSF-subtracted
datacubes, and extracting a spectrum in a large aperture
chosen by eye to encapsulate the visible extended emis-
sion (typically 6 arcseconds in diameter, see Appendix
A). From this spectrum we then choose the appropri-
ate spectral window over which to collapse the cube to
encapsulate the entire spectral width of the Lyα line,
resulting in our preferred pseudo narrow-band image.
In accordance with other works in the literature
(e.g. Borisova et al. 2016, Arrigoni Battaia et al. 2019,
Wisotzki et al. 2015, Drake et al. 2017a, Drake et al.
2017b) we use azimuthally-averaged profiles on these
fixed-width narrow-band images in order to track the
curve-of-growth of the extended emission around each
object, and sum the Lyα flux within the radius where
the light profile hits the background of the observa-
tions. Our best estimates of the total flux of each
PSF-subtracted halo are presented in Table 2, together
with the wavelength layers over which the estimate was
made, the maximum extent of the emission, and the
corresponding total Lyα luminosity of each halo. We
display the narrow-band images, and light profiles in
Figure 2.
By far the most prominent halo is that around radio-
loud J2228+0110, extending 5.1 arcsec or 29.1 pkpc,
making it to date the largest halo detected around a
z ∼ 6 quasar. We measure the total flux of the halo as
4.64× 10−16 erg s−1 cm−2 across this extent, a larger
flux than any of the existing literature measurements.
Roche et al. 2014 for example measured a halo flux of
2.02±0.46×10−17 erg s−1 cm−2, thus our estimate is an
order of magnitude larger than previous measurements.
This is likely to be due to very different observational
techniques - Roche et al. 2014 estimate the halo flux in a
long slit offset from the position of the quasar, confirm-
6 Drake et al.,
Figure 2. Fixed-width narrow-band images centred on the Lyα line, and azimuthally-averaged radial light profiles. Images in
the left-hand column are constructed such that they encompass the spectral width of the Lyα line in the PSF-subtracted cube,
details are outlined in Section 4.2.1 and shown in Appendix A. Overlaid is an aperture of 2 arcseconds in diameter (purple
circle) and an aperture to show the profile radius determined in the adjacent column of panels. On the right-hand side we
show each light profile and its 3 σ error out to a radius of ∼ 5 arcseconds, and exclude the very central region of the profiles
which cannot be trusted due to possible PSF subtraction artefacts (shaded grey). The purple dashed line corresponds to the
2-arcsecond diameter aperture, and the grey dashed line indicates the radius where the light profile hits the background of the
observations (dark orange lines represent the background level, and light orange lines denote the 1σ deviation).
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ing the presence of extended emission, but by no means
an observation designed to precisely measure the halo
flux.
J2100−1715, the next highest redshift object shows
no sign of extended emission above the SB limit in
these data (4.84× 10−18 erg s−1 cm−2 arcsec−1) in our
narrow-band collapse around the Lyα line.
J1030+0524 shows a small but distinct halo towards
the West extending 2.8 arcsec or 15.7 pkpc from the
position of the quasar. Within this radius we measure a
total flux of 4.28× 10−17erg s−1 cm−2.
J2329−0301 is the only quasar other than J2228+0110
to have previous measurements of an extended Lyα halo.
We detect a halo much as Goto et al. (2009), Willott
et al. (2011), Goto et al. (2012) and Momose et al. (2018)
do, extending North. In our data the halo reaches a
maximum radial extent of 2.2 arcsec or 12.2 pkpc, with
a total halo flux of 1.49× 10−16erg s−1 cm−2. Interest-
ingly, our halo luminosity estimate is very similar to that
of Momose et al. (2018), although Momose et al. (2018)
find a larger extension on sky (6.9 arcseconds in diam-
eter in an image reaching an SB limit of 4× 10−18 erg
s−1 cm−2 arcsec−1at the 3σ level.). These differences
are probably due to the image produced in this work
being sensitive only to a higher SB limit (e.g. a 1σ limit
of 6.80× 10−18erg s−1 cm−2 arcsec−1as quoted in Table
2) meaning the halo is less-well detected in its outskirts,
but conversely the ability of MUSE to encapsulate the
spectral width of the line very precisely (compared to
narrow-band flux losses) means that we recover approx-
imately the same total flux/luminosity.
Finally, we see a Lyα halo around P231−20 extending
3.4 arcsec, or 18.1 pkpc, of similar extent to J1030+0524,
but with a total flux of 1.77× 10−16 erg s−1 cm−2, ap-
proximately twice the flux of J1030+0524 (making it
comparable in flux to J2329−0301). In Table 2 we report
our best estimate of the maximum radial extent that
each halo reaches from the position of the quasar, hit-
ting SB background levels between 3.23× 10−18 erg s−1
cm−2 arcsec−1 and 7.11× 10−18 erg s−1 cm−2 arcsec−1.
All four of the halos have total Lyα luminosities greater
than LLyα = 1× 1043 erg s−1, we will return to the halo
luminosities in the context of other works in Section 5.
4.3. Properties of diffuse Lyα above a uniform
surface-brightness limit
In literature searches, authors frequently survey ob-
jects to a uniform depth and consider only emission
above some signal to noise or surface brightness level.
In the data analysed here, the observations reach var-
ious depths (summarised in Table 2), and so in order
to directly compare emission around the quasars we
must compare the properties of the diffuse emission to
a depth easily reached in all the observations. In Figure
3 we present the same narrow-band images described
in Section 4.2.1, now in surface brightness units, and
smoothed with a Gaussian kernel of 1.2 pixels to reveal
the morphology of the halos. The images are contoured
at 1.0× 10−17 erg s−1 cm−2 arcsec−1 to highlight the
brightest emission around each source.
We discuss below our analysis of the morphology and
emission-line properties of each halo, and summarise our
findings in Table 3.
4.3.1. Nebula morphology and spatial offsets
It is evident from Figure 3 that the extended emission
around the four QSOs showing a Lyα halo is diverse
in appearance and size. With the possible exception
of J2329−0301, the halos are not centred on the spatial
position of the QSOs, and none appear regular in shape.
We compute for each object the spatial offset between
the position of the QSO and the peak of the halo emis-
sion (see Table 3). In Figure 3 we overlay a white cross
at the position of the QSO, and a cyan cross at the peak
of the halo emission in each panel. The halos are on
average offset by 0.77 arcsecs (4.3 pkpc across their re-
spective redshifts). Interestingly, the halo most removed
from its associated QSO is radio quiet, and is the high-
est redshift object in our sample, P231−20, which is also
known to have a close companion (Decarli et al. 2017).
We also list in Table 3 the area in square arcseconds of
the SB > 10−17 erg s−1 cm−2 arcsec−2 emission in this
image.
4.3.2. Velocity offsets and integrated line profiles
We consider the kinematic properties of the halos in
two ways, beginning in this Section with the integrated
properties of the halos. Firstly, in Figure 4 we show
spectra of the quasar (upper panels), and those of the
diffuse halo emission after PSF-subtraction (lower pan-
els).
Spectra of the halos are extracted in apertures of 3
arcseconds in diameter, but excluding the central region
(PSF).
Overall, the halos show little velocity offset from their
respective QSOs, either with respect to the systemic red-
shift (or our best-estimate thereof c.f. Table 1) or the
peak of the quasar’s Lyα emission. The absence of a sig-
nificant velocity offset between the halo and the QSO,
suggests that we are not witnessing an infall/outflow sce-
nario e.g. the predictions of Villar-Mart´ın et al. (2007)
and Weidinger et al. (2005).
Interestingly, the velocity widths of the emission line
profiles for each halo are very broad, of only marginally
lower velocity width than the Lyα from the QSO. This
8 Drake et al.,
Figure 3. Smoothed surface brightness images and spectra of the PSF-subtracted Lyα halo. Note that the central 4 pixels
(approximately the size of the PSF) have been masked in the datacube and thus do not contribute to the images or spectra
shown here. In the left-hand panels we show the same narrow-band image as in Figure 2, now smoothed with a Gaussian kernel
of σ = 1.2 pixels, in units of surface brightness, and contoured at a level of SB= 1.0× 10−17 erg s−1 cm−2 arcsec−1 (black
line). On this image we show the quasar position (white cross) and the peak of the Lyα emission in the halo which remains
after PSF-subtraction (cyan cross), in addition to an aperture of 2 arcseconds in diameter. In the right-hand panels we show
in filled-blue the spectrum extracted from the PSF-subtracted cube within the 2-arcsecond diameter aperture, and overlay in
black a spectrum extracted by summing all the voxels (volumetric pixels) lying within the 1.0× 10−17 erg s−1 cm−2 arcsec−1
contour. The dashed red line gives the predicted position of the peak of the Lyα emission according to the systemic redshift
of the quasar (Table 1), and the shaded orange region corresponds to the wavelength region that makes up the narrow-band
image.
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Table 2. Total fluxes and luminosities for the five QSOs discussed in this work. In the first column we give the QSO names.
In the second and third columns we report our measurement of the total flux and corresponding log luminosity. These are the
values summed within our measurement of the maximum extent of the halos on-sky. Columns 4 and 5 report the maximum
radial extent we measure for each QSO, in arcseconds, and pkpc at the respective QSO redshifts. In the sixth column we give
the wavelength range and width (N layers) over which the measurements were made. In the final two columns we give the 1
σ surface brightness limits first in the wavelength layer where the peeak of the Lyα emission is detected, and finally in the
narrow-band image constructed from the wavelength range listed in column 6.
QSO
Total Flux log LLya Maximum Extent
NB width SB Lyα SB NB
[erg s−1 cm−2] [erg s−1] [arcsec] [pkpc]
(N) (1σ) (1σ)
[Angstroms] [erg s−1 cm−2 arcsec−1]
J2228+0110 4.64× 10−16 44.250 5.1 arcsec 29.1 pkpc 8355-8435 (64) 5.03× 10−19 6.43× 10−18
J2100−1715 −− −− −− −− 8600-8650 (40) 6.45× 10−19 4.84× 10−18
J1030+0524 4.28× 10−17 43.282 2.8 arcsec 15.7 pkpc 8865-8900 (28) 4.71× 10−19 3.23× 10−18
J2329−0301 1.49× 10−16 43.841 2.2 arcsec 12.2 pkpc 9000-9045 (36) 7.40× 10−19 6.80× 10−18
P231−20 1.77× 10−16 43.942 3.4 arcsec 18.1 pkpc 9210-9260 (32) 8.81× 10−19 7.11× 10−18
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is an interesting contrast to the halos seen in Borisova
et al. (2016), however is strikingly similar to the case
seen in Ginolfi et al. (2018).
4.3.3. Spatially resolved kinematics
In contrast to the integrated values, spatially-resolved
kinematic maps give us an insight on the internal kine-
matics of the halos (as opposed to the bulk motion rel-
ative to the quasar discussed above in Section 4.3.2).
We keep the wavelength layers chosen in Section 4.2,
smooth the datacube in the two spatial directions with
a Gaussian kernel of σ = 1.0 pixel, and threshold the
individual voxels (volumetric pixels) according to their
S/N. In the first column of panels of Figure 5 we show
the zeroth-moment (flux images) that satisfy our S/N
cut i.e. the voxels which make up the remainder of the
kinematic analysis4. Keeping all voxels with S/N > 2.0
we calculate the first- and second-moment maps. Again,
much as in Borisova et al. (2016) and Arrigoni Battaia
et al. (2019), we do not assume any particular form of
the Lyα line (i.e. we do not attempt to fit a Gaussian
profile), and instead compute the non-parametric flux-
weighted moments.
In the central column we show the first moment, i.e.
the flux-weighted velocity of the halos relative to the
peak of the Lyα emission from the halo, to provide in-
formation on the internal velocity structure of the halos.
In these maps we can search for any sign of ordered mo-
tion – although the Lyα line is not necessarily the best
tracer of gas motion due to complex radiative transfer
issues, we can use the velocity offset of the emission to
look for any obvious signatures.
The four halos present a complex picture, which is dif-
ficult to interpret. Each halo shows a velocity gradient
across its spatial extent, indicating some movement in
the gas, with total velocity ranges of ∆v ∼ 400 kms−1
(i.e. ±200 kms−1 relative to the peak of the Lyα from
the halo).
In the case of J2228+0110, the only known radio-loud
quasar in the sample, the gradient occurs in an East-
West direction (i.e. not varying with distance from the
quasar) and with a slight warp. J1030+0524 on the
other hand displays a tentative velocity gradient with
distance from the quasar, gas at the spatial position of
the quasar is redshifted by ∼ 200 kms−1, but by the
outer extents of the halo has shifted to ∼ −200 kms−1.
J2329−0301 again shows some signs of ordered motion,
4 Note that these images are distinct from the earlier fixed-
width narrow-band images, as now each spatial pixel is made up
of a different number of wavelength layers according to which met
the S/N criterion
with a velocity gradient and warp. Finally, P231−20,
the highest redshift object in our sample, displays some
complex patterns. The quasar resides towards the South
of the halo, with a patch of redshifted emission below
it. Northwards of the quasar the emission is however
blueshifted, and further North still, the offset-blobs of
emission are again redshifted (∼ 200 kms−1) relative to
the quasar.
In the right-hand column of images we show the sec-
ond moment, or velocity dispersion, σ, within the ha-
los5. Each halo shows a very broad Lyα line. The
radio-loud quasar J2228+0110, does display the high-
est velocity dispersion, as one might expect following
literature results such as Borisova et al. (2016) and Gi-
nolfi et al. (2018). The next two highest-redshift ob-
jects in our sample J1030+0524 and J2329−0301 both
show a lower velocity dispersion. J1030+0524 appears
to show uniform values across its full extent, whereas for
J2329−0301 larger velocity dispersions are seen closer to
the position of the quasar. Finally P231−20 again dis-
plays complex information. Here, the quasar is certainly
centred in the region of highest velocity dispersion, but
there is a secondary peak in the image at the position
of the large blob of emission in the North-Westerly di-
rection.
5. DISCUSSION
5.1. Comparison to Lower Redshift Samples
Many results in the literature have noted that Lyα SB
profiles, halo Lyα luminosities, and maximum projected
sizes show smaller values at z∼6 than at lower redshift.
In Figure 6 we present our measured Lyα halo luminosi-
ties and maximum projected sizes in the context of a
compilation of literature sources. We include in the plot
Lyα halos around all QSOs (both radio-loud and radio-
quiet) from Borisova et al. (2016) and Arrigoni Battaia
et al. (2019) in addition to the compilation presented in
the PhD thesis of Arrigoni-Battaia6 across the redshift
range 2 < z < 5. At redshift z > 6 we show the mea-
surements presented in this work, and the data point
from Farina et al. (2017).
5.1.1. Evidence for Luminosity Evolution?
Our measurements show little evolution of the lumi-
nosity of Lyα halos with redshift. This is in contrast
to previous measurements at z ≥ 6. Our re-analysis of
J2228+0110 in the MUSE datacube places its luminosity
5 Note that here we are displaying σ, and not the Gaussian-
equivalent FWHM value in each pixel (frequently, 2.35 times σ is
used in the literature.)
6 https://www.imprs-hd.mpg.de/49473/thesis Arrigoni.pdf
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Table 3. Properties of diffuse emission of SB > 1× 10−17 erg s−1 cm−2 arcsec−1. In the first column we give the QSO names.
In the second column we present the contiguous area in square arcseconds that is above SB > 1× 10−17 erg s−1 cm−2 arcsec−1.
In the third and forth columns we give the spatial offset of the peak of the halo emission from the position of the QSO, in
arcseconds and pkpc. In the fifth column we give the velocity offset of the halo from the QSO, and in the final column we give
the velocity width (FWHM) of the Lyα line arising from the halo.
QSO Area > 1× 10−17 Neb offset Vel offset Vel
[arcsec2] [arcsec] [pkpc] [kms−1] [kms−1]
J2228+0110 18.16 0.69 4.0 -126.25 1052.96
J2100−1715 −− −− −− −− −−
J1030+0524 1.47 0.74 4.1 18.47 531.84
J2329−0301 5.92 0.44 2.5 116.18 955.21
P231−20 6.57 1.21 6.5 181.66 942.94
Figure 4. Spectra of each QSO, and its Lyα halo. In the upper panels we show the QSO spectrum extracted from the central
four pixels (i.e. approximately the size of the PSF). In the lower panels we show spectra of the Lyα halo in the PSF-subtracted
datacube in an aperture of 3 arcseconds in diameter. Note that for the Lyα halo spectra the central four pixels centred on the
QSO have been masked from the datacube and do not contribute to the Lyα halo spectrum. Overlaid on each pair of spectra
are the predicted position of the Lyα line according to our best estimate of the systemic redshift of the quasar (red line); and
the peak of the PSF-subtracted emission (blue line). For each object we fit a Gaussian profile to the PSF-subtracted line to
estimate the velocity width. The best-fit FWHM values in kms−1 are noted on each panel.
an order of magnitude higher, and likewise, J1030+0524,
which previously was not reported to display a Lyα halo,
now appears with a small halo of moderate luminosity,
that is an order of magnitude more luminous than Farina
et al. (2017). This stresses the need for larger samples
of Lyα halos around QSOs at z ∼ 6.
5.1.2. Evidence for Size Evolution?
In the right-hand side of Figure 6 we show the
maximum-projected diameters of our sample and those
in the literature7. The plot appears qualitatively much
as figure 6 of Ginolfi et al. 2018, who also note the
apparent trend of increasing maximum projected size
towards lower redshift. This size evolution is also cor-
roborated by Momose et al. (2018), who argue that the
7 Note: we now discuss diameters of the halos by taking 2×
the maximum radial projections measured in this work. This is
for consistency with literature results, despite the fact that many
reported halos, and all those presented in this work, are asymmet-
ric.
12 Drake et al.,
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Figure 5. Lyα moment maps for the PSF-subtracted halos around each of the quasars. In the first column we show moment
zero (flux images) containing all volumetric pixels with a S/N ≥ 2, that make up the rest of the kinematic analysis. In the
central column we show the first moment, i.e. the velocity of each spatial pixel relative to the peak of the halo Lyα emission,
and in the right-hand column we show the second moment, or velocity dispersion in each spatial pixel. Details of the routine
are given in Section 4.3.3.
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Figure 6. Total Lyα luminosities and sizes of Lyα halos surrounding QSOs plotted as a function of their redshifts. In each panel
we show a compilation of literature sources from Arrigoni Battaia et al. (2019) and Borisova et al. (2016) (circular symbols)
across the redshift range 2 < z < 5. At redshift z > 6 we show the data point from Farina et al. (2017), and the measurements
presented in this work (star symbols). In each panel we plot halo redshift on the abscissa, and a commonly measured halo
property on the ordinate; in the left-hand panel, measured total halo luminosities, and in the right-hand panel the measured
maximum projected diameters in proper kiloparsecs, overlaid with a dashed line to show the apparent size of a typical Borisova
et al. (2016) halo with redshift at our sensitivity limit. Size and luminosity information is also encoded in both panels as the
size of the plotted points, and their colours, respectively.
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Figure 7. Azimuthally-averaged, surface brightness pro-
files in proper kiloparsecs corrected for surface-brightness-
dimming (i.e. expressed in units of observed SB ×(1 + z)4)
for each of our objects. The shaded region indicates our
surface brightness limit. We overplot the average profiles of
Borisova et al. (2016) and Arrigoni Battaia et al. (2019).
Lyα halo sizes scale with the size of evolving dark mat-
ter halos. Although we confirm with our data that the
proper sizes are smaller at higher redshift, we do not
propose any specific scaling in this work.
We next compare our measurements to the average
surface brightness profile measured in Borisova et al.
(2016) at 〈z = 3.2〉. If we assume that this halo is typical
of quasar (Lyα) halos across cosmic time, we can predict
its appearance at redshift z in observations reaching our
average surface brightness limit (for the sources mea-
sured in this paper, the sizes are measured on a back-
ground of a (∼ 3 − 7)× 10−18 erg s−1 cm−2 arcsec−1
see Table 2). For instance, we can see from Figure 6,
that at z ∼ 6 the value of the Borisova et al. (2016)
halo’s maximum projected diameter would be measured
as ≤ 15 pkpc in observations reaching a surface bright-
ness level of SB ∼ 5.0× 10−18 erg s−1 cm−2 arcsec−1.
This means that each of the Lyα halos presented in this
work appears larger than a typical Borisova et al. (2016)
halo would appear placed at z ∼ 6.
5.1.3. Evidence for Surface Brightness Profile Evolution?
In Figure 7 we present the azimuthally-averaged sur-
face brightness profiles of each of the quasars presented
here. We show the surface-brightness-dimming cor-
rected profiles (i.e. SBobs × (1+z)4) on a scale of proper
kiloparsecs (pkpc). The grey shaded area shows our sur-
face brightness sensitivity. A comparison to Borisova
et al. (2016) and Arrigoni Battaia et al. (2019) shows
that we would barely have detected their average pro-
files in our observations.
5.2. Physical Origin of Lyα emission
In order to determine the energy source and spatial
origin of the Lyα emission observed here as a halo, we
need additional line diagnostics from the same gas. With
Lyα alone, we can only use the velocity width and spa-
tial extent on-sky to speculate on the physical processes
at work. In addition, we can use previous observations
of the QSOs to look for any correlation between the ob-
served properties of the QSOs and the Lyα halos.
In Figure 8 we plot for each source its halo luminos-
ity against an observable commonly used to characterise
the quasars themselves. In the left-hand panel we show
Lyα halo luminosity against M1450, which can also be
used as a proxy of the black hole mass. The scatter of
the measurements in this plot does not imply any direct
link-with-/influence-by the black hole on the Lyα halo.
Indeed, J2100−1715 which displays no halo above the
limit of our observations is firmly towards the middle
of the range of M1450 values, as is the data point from
Farina et al. (2017) which displays only a faint halo8,
however our dynamic range is indeed limited, and we
present only four halos. In the right-hand panel we
show the halo luminosity again against the log of the
far-infrared luminosity, tracing obscured star-formation.
Note that unfortunately no information is available for
J2228+0110. Again the points show no obvious correla-
tion between star formation activity in the host galaxy
and the powering of the Lyα halo. These results point
towards a scenario in which the Lyα halo emission may
be more closely related to properties of diffuse gas in
the CGM/IGM than of the black hole or host galaxies’
stellar populations.
5.3. Lyα Emission within Rvir?
A particularly interesting question is whether we are
observing pristine gas in the IGM falling onto the QSOs,
or gas that is part of the objects’ CGM i.e. within the
virial radii. To make any statement about the extent
of the emitting gas with respect to each object’s virial
radius, we need to make some assumption about the
hosting MDMhalo. Evidence suggests that black holes are
already 109 M at z ∼ 6 (Mazzucchelli et al. 2017a),
and that gas masses are of order 1010 M (Venemans
et al. 2017, Venemans et al. 2018), and the sum of these
components will be  MDMhalo. As such, we assume
a conservative lower limit of log10 MDMhalo = 11.5 to
compute Rvir according to Equation 1 (as in Arrigoni
Battaia et al. 2019):
8 Note that although black-hole mass estimates exist for several
of the objects examined here, these rely on additional assumptions,
are derived via different methods for different QSOs depending on
the information available, therefore we choose to examine only the
M1450 proxy for each object.
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Figure 8. Observed quasar properties plotted against Lyα halo luminosities for all sources presented in this work, and the
halo in Farina et al. (2017). In the left-hand panel we show the absolute magnitude at 1450 A˚, and in the right-hand panel the
far-infrared luminosity. Points in each panel are colour-coded by redshift.
Figure 9. Surface brightness profiles of our Lyα halos nor-
malised to the virial radius for a dark matter halo of mass
log MDMhalo = 11.5 M (see text). We show the Lyα halos
measured in this work in thick black lines, and the mea-
sured profile of Arrigoni Battaia et al. (2019) at 〈z = 3.2〉
in a grey dotted line. The thick red band shows the ap-
pearance of the Arrigoni Battaia et al. (2019) profile assum-
ing that the SB profile evolution found by Arrigoni Bat-
taia et al. (2019) at z = 2 − 3 holds out to z ∼ 6. The
surface brightness profiles are surface-brightness-dimming-
corrected (i.e. [1+z]× SB) and measured radii are in proper
units, normalised to a virial radius calculated according to
Rvir = [3MDMhalo/(800piρcrit(z))]
1
3 .
Rvir = [3MDMhalo/(800piρcrit(z))]
1
3 (1)
where ρcrit(z) is the critical density at redshift z. For
log10 MDMhalo = 11.5 at z = 6 this gives a virial ra-
dius of Rvir ≈ 30 pkpc. Each of the Lyα halos pre-
sented in this work display a maximum radial extent
. 30 pkpc, meaning that, unless the hosting dark matter
halo mass  log10 MDMhalo = 11.5 (which we consider
unlikely) we are observing emission from circum-galactic
gas inside the virial radius i.e. not the IGM. To investi-
gate the nature of this gas further (pristine? first in-fall?
outflows?) requires additional diagnostics which are not
currently available.
5.4. Lyα Halos Consistent with Evolution Seen at
z = 2− 3?
Arrigoni Battaia et al. (2019) derive an empirical
model of Lyα halo evolution from z = 3.2 to z = 2.25.
They find that the normalisation of their surface bright-
ness profiles decreases by approximately an order of
magnitude over this redshift range. Assuming that this
trend holds out to z = 6, we estimate the resulting pro-
file and compare to our observations in Figure 9, assum-
ing the virial radius estimates from Section 5.3. Our SB
profiles fall below such an empirically predicted evolu-
tion. This means that the evolution between the average
SB profile at z ∼ 3 and z ∼ 6 is not as strong as that
seen between z ∼ 3 and z ∼ 2 in Arrigoni Battaia et al.
(2019).
6. CONCLUSIONS
We present MUSE (archival) data of five z ∼ 6 QSOs.
After PSF-subtraction we search for extended Lyα emis-
sion in the vicinity of each quasar. For four out of five
QSOs we detect extended, diffuse Lyα emission, directly
probing the CGM at z ∼ 6.
Our findings are summarised below:
1. The four Lyα halos presented here are diverse in
morphology and size, they each display spatial
asymmetry, and none are centred on the position
of the quasar.
2. None of the halos are significantly offset in velocity
from the systemic redshift of the quasars (∆ v <
200 kms−1).
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3. Each halo shows a broad Lyα line, with a velocity
width of order 1000 kms−1.
4. Total Lyα luminosities range between ∼ 2× 1043
erg s−1 and ∼ 2× 1044 erg s−1, reaching maxi-
mum radial extents of 13−30 pkpc from the quasar
positions.
5. We find larger sizes and higher Lyα luminosities
than previous literature results at this redshift
(that generally did not employ IFU data). This
alters the perception that Lyα halos are less lumi-
nous at higher redshift.
6. We see no correlation between QSO properties and
the characteristics of the Lyα halo, and thus infer
no evidence that black holes or the stellar popula-
tions of host galaxies are the primary driver of the
Lyα halo emission at z ∼ 6.
7. The Lyα emission observed here is located within
the virial radius of our targets, assuming a conser-
vative log10 MDMhalo = 11.5.
8. The redshift evolution of the SB profiles between
z ∼ 6 and z ∼ 3 appears to be less pronounced
than seen between z ∼ 3 and z ∼ 2 in Arrigoni
Battaia et al. (2019).
Overall, our results are consistent with a picture in
which the physical properties of the CGM evolve with
cosmic time, manifesting as an observed evolution of
Lyα halo properties. Before this scenario can be con-
firmed or clarified, a larger sample of QSO observations
at z ∼ 6 is called for, and observations of more diagnos-
tic lines (e.g. with the upcoming JWST mission). This
will help to elucidate the processes governing the growth
of the first galaxies and black holes.
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